Given the high protein binding rates of antifungal drugs and the effect of serum proteins on Aspergillus growth, we investigated the in vitro pharmacodynamics of amphotericin B, voriconazole, and three echinocandins in the presence of human serum, assessing both inhibitory and fungicidal effects. In vitro inhibitory (IC) and fungicidal (FC) concentrations against 5 isolates of Aspergillus fumigatus, Aspergillus flavus, and Aspergillus terreus were determined with a CLSI M38-A2-based microdilution method using the XTT methodology after 48 h of incubation at 35°C with a medium supplemented with 50% human serum. In the presence of serum, the IC and FC of amphotericin B and the IC of echinocandins were increased (1.21-to 13.44-fold), whereas voriconazole IC and FC were decreased (0.22-to 0.90-fold). The amphotericin B and voriconazole FC/IC ratios did not change significantly (0.59-to 2.33-fold) in the presence of serum, indicating that the FC increase was due to the IC increase. At echinocandin concentrations above the minimum effective concentration (MEC), fungal growth was reduced by 10 to 50% in the presence of human serum, resulting in complete inhibition of growth for some isolates. Thus, the in vitro activities of amphotericin B and echinocandins were reduced, whereas that of voriconazole was enhanced, in the presence of serum. These changes could not be predicted by the percentage of protein binding, indicating that other factors and/or secondary mechanisms may account for the observed in vitro activities of antifungal drugs against Aspergillus species in the presence of serum.
I
nvasive aspergillosis is a severe infectious disease, characterized by significant mortality rates despite antifungal therapy (1) . The antifungal drugs that are commonly used to treat invasive aspergillosis belong to three classes with distinct mechanisms of action: the polyene amphotericin B, which acts on the cell membrane; the azole voriconazole, which acts on ergosterol biosynthesis; and the echinocandins, which act on the cell wall (2) . Among the most common species causing invasive aspergillosis are Aspergillus fumigatus, Aspergillus flavus, and Aspergillus terreus, against which antifungal drugs demonstrated different in vivo efficacies (3-6), while most strains exhibited similar in vitro susceptibilities, particularly to amphotericin B and echinocandins (7, 8) . Standardized in vitro susceptibility testing methods (CLSI or EUCAST) for Aspergillus species have been developed and proven to be very useful in testing in vitro activities of antifungal drugs (9, 10) . However, a clear in vitro-in vivo clinical correlation is still lacking (11) . In vitro conditions do not simulate well the in vivo microenvironment, where drugs have fluctuating concentrations and interact with the fungus in the presence of human tissue and serum proteins. Thus, antifungal activity may be altered in the presence of serum, resulting in relative differences among species and drugs within a class that were not apparent in medium without serum (12, 13) .
Antifungal drugs are characterized by a significant protein binding, ranging from 58% with voriconazole and 95% with amphotericin B to Ͼ96% with echinocandins. In particular, caspofungin is 96% bound to serum proteins, micafungin is 99.8% bound, and anidulafungin is Ͼ99% bound (14) . It is generally accepted that only the unbound fraction of drug is pharmacologically active (15) , although several studies have demonstrated that MIC increases for antifungals do not parallel the percentage of protein binding (16, 17) and greater pharmacodynamic effects can be observed in the presence of human serum (18) . Furthermore, serum may alter the in vitro activities of antifungal drugs, since serum proteins enhance Aspergillus growth and stimulate enzyme production (19, 20) . Although the effect of serum on inhibitory activities of antifungal drugs against Aspergillus spp. has been sparsely studied previously (17) , the effect on fungicidal activities of antifungal drugs is largely unknown. Thus, the interplay between drugs and fungi in the presence of serum proteins is a rather complex phenomenon and may be clinically relevant given that MIC determination in the presence of serum may be a better predictor of in vivo outcome (12) .
In the present study, the concentration-effect relationships of inhibitory and fungicidal activities of amphotericin B, voriconazole, and the three echinocandins caspofungin, micafungin, and anidulafungin against A. fumigatus, A. flavus, and A. terreus clinical isolates were determined with the XTT methodology in the presence and in the absence of serum.
MATERIALS AND METHODS

Isolates.
A collection of 15 clinical isolates of Aspergillus spp. was used: 5 isolates each of A. fumigatus, A. flavus, and A. terreus. Isolates were kept frozen in solutions of 10% glycerol in sterile normal saline at Ϫ70°C, revived by subculturing twice on Sabouraud dextrose agar plates, and incubated at 35°C for 7 to 10 days. Conidial suspensions were prepared by touching a wet cotton swab on the surface of the Aspergillus cultures and then suspended in sterile normal saline containing 0.025% Tween 20. The conidial suspensions were adjusted with a hemacytometer to 4 ϫ 10 4 conidia/ml, which corresponded to twice the desired final inoculum in normal saline or human serum. Candida krusei ATCC 6258, Candida parapsilosis ATCC 22019, and A. fumigatus ATCC MYA-3626 were used as quality control (QC) strains.
Medium. RPMI 1640 medium with L-glutamine and without bicarbonate, buffered with 0.165 M 3-N-morpholinepropanesulfonic acid (MOPS) (AppliChem, Darmstadt, Germany) to pH 7.0, was used as the growth medium. Human serum was pooled from healthy volunteers and heat inactivated at 56°C for 30 min. Briefly, whole-blood samples in silicon-coated plastic tubes (BD Vacutainer tubes) were centrifuged at 4,000 ϫ g for 10 min, and supernatant serum was pooled from several samples in 50-ml Falcon tubes which were then incubated in a water bath at 56°C for 30 min with constant swirling. Heat-inactivated human serum was aliquoted into Falcon tubes, stored at Ϫ70°C, and used within 7 to 10 days.
Since medium and pH changes may have significant effects on the in vitro potencies of echinocandins and amphotericin B (21), the similar pHs and osmolalities of growth medium with and without 50% human serum were confirmed with the pH meter and by the percentage of hemolysis of erythrocytes, respectively. For the hemolysis experiment, 10 6 human erythrocytes/per ml were incubated at 37 C for 30 min with serial dilutions (up to 1/10) of both growth media in sterile distilled water (dH 2 O), with 100% sterile dH 2 O serving as a positive control (100% hemolysis) and 100% human serum as a negative control (0% hemolysis), and counted in hemacytometer.
Antifungal agents. The antifungal agents were supplied by their respective manufacturers as pure powders: caspofungin acetate (Merck, Athens, Greece), anidulafungin (Pfizer, Athens, Greece), micafungin (Astellas, Athens, Greece), voriconazole (Pfizer), and amphotericin B (MP Biomedicals, Bioline, Athens, Greece). Stock solutions were prepared by dissolving drug powders in dimethyl sulfoxide (voriconazole, anidulafungin, and amphotericin B) or water (caspofungin and micafungin) and were stored at Ϫ70°C until use. Following the principles of CLSI M38-A2, serial dilutions at twice the desired concentration were prepared in double-strength test medium (RPMI 1640 medium with MOPS) in 96-well flat-bottom microtitration plates (Costar 3596; Corning Inc., Antisel, Athens, Greece). The final concentrations of antifungal agents, after the addition of conidial inocula, ranged from 8 to 0.03 mg/liter. Lower concentrations were used in case of off-scale antifungal effects.
XTT and menadione. The XTT {2,3-bis[2-methoxy-4-nitro-5-(sulphenylamino)carbonyl]-2H-tetrazolium hydroxide} sodium salt (Applichem, Bioline, Athens, Greece) was dissolved in water before use. Menadione (Applichem, Bioline) was initially dissolved in absolute ethanol at a concentration of 58 ϫ 10 Ϫ3 M. A working solution of 0.5 mg/ml of XTT with 31.25 ϫ 10 Ϫ6 ⌴ menadione was prepared in sterile water. Susceptibility testing. The in vitro susceptibilities of Aspergillus isolates to amphotericin B, voriconazole, and all three echinocandins were tested based on the CLSI M38-A2 method. Twofold serial dilutions of antifungal drugs in 100 l of double-strength growth medium in flatbottom 96-well microtitration plates were inoculated with 100 l of conidial suspensions in saline or 100% human serum. Plates were shaken for 10 s and incubated at 35°C for 48 h when fungal growth in each well was quantified with the XTT methodology (see below) in order to assess inhibitory and fungicidal activities. All experiments were performed in triplicates. The minimum effective concentrations (MEC) of caspofungin, micafungin, and anidulafungin were macroscopically and microscopically determined as the lowest drug concentrations with prominent growth reduction and short, stubby, and aberrant hyphae, respectively, whereas the MICs of amphotericin B and voriconazole were determined as the lowest drug concentrations showing complete inhibition of growth.
Inhibitory activity. Inhibitory activities of antifungal drugs were assessed using the XTT methodology previously described (22, 23) . Briefly, after the 48 h of incubation, 50 l of the XTT-menadione working solution was added to each well, yielding final concentrations of 0.1 mg/ml of XTT and 6.25 ϫ 10 Ϫ6 M menadione. Subsequently, the microtitration plates were incubated at 35°C for 2 h. Plates were shaken for 1 to 2 min (Wallac Plate Shake 1296-004; Wallac OY, Turku, Finland) until the formazan derivatives were completely dissolved, and the color absorbance (A) was measured spectrophotometrically at 450 nm, with the reference wavelength at 630 nm (Infinite F200; Tecan, Austria). After background absorbance (A background ) (absorbance of conidium-free plates processed in the same way as the inoculated plates) was subtracted, the percentage of growth at each drug concentration (A well ) with and without serum was calculated based on the absorbance of the drug-free control (A control ) with and without serum, respectively, as 100 ϫ (A well ϪA well background )/(A control Ϫ A control background ). It has been shown that the MICs of amphotericin B and voriconazole and the MEC of echinocandins correspond to the lowest drug concentration with Ͻ10% and ϳ50% growth, respectively, as determined with the XTT methodology (22, 23) .
Fungicidal activity. After inhibitory activities were estimated as described above, fungicidal activities were determined as previously described (8) . Briefly, the contents of all clear wells and the well at 0.5ϫ MIC of the 96-well plates were carefully aspirated and washed twice with 200 l of normal saline (prewarmed at 35°C) with gentle agitation. Fresh medium was added to each well, and microtitration plates were incubated at 35°C for 24 h, after which 50 l of the XTT-menadione working solution was added to each well and the plates were further incubated at 35°C for 2 h. After plates were shaken for 1 to 2 min, the color absorbance was measured spectrophotometrically at 450 nm, with the reference wavelength at 630 nm (Infinite F200; Tecan, Austria), and the percentage of fungal growth was calculated as described above. It has been previously shown that the minimal fungicidal concentrations (MFC) of amphotericin B and voriconazole correspond to the lowest drug concentration with Ͻ10% growth as determined with this new XTT methodology (8) .
Statistical analysis. The percentage of fungal growth measured from the inhibitory and fungicidal experiments was analyzed with nonlinear regression analysis based on the sigmoidal E max model with variable slope described by the equation
where E max is maximal growth at the drug-free control for the inhibitory experiments and at 0.5ϫ MIC for the fungicidal experiments, E min is the minimal growth observed at high drug concentrations, C is the drug concentration, IC 50 is the drug concentration corresponding to 50% of the value obtained by subtracting E min from E max , and n is the hillslope (GraphPad Prism 5.0 software, San Diego, CA). The E max was globally fitted among different data sets, whereas all the other parameters were individually fitted for each isolate. Based on this equation, the near-maximum inhibitory (IC 10 ) and fungicidal (FC 10 ) concentrations were calculated using the interpolation function of GraphPad Prism 5.0 as the concentration corresponding to 10% of the value obtained by subtracting E min from E max from the inhibitory and fungicidal experiments, respectively. This endpoint corresponded to 10% and ϳ50% growth for the concentration-effect curves of amphotericin B/voriconazole and echinocandin, respectively. The E min from the inhibitory experiments was also calculated for each isolate in absence and in the presence of human serum. In addition, the FC 10 /IC 10 ratio was calculated in order to assess the fungistatic (FC 10 /IC 10 Ͼ 4) versus fungicidal (FC 10 /IC 10 Ͻ 4) action (8) and whether the differences in fungicidal activities are due to differences observed in inhibitory activities, since an increase of IC 10 will result in an increase in FC 10 . All comparisons were assessed statistically with the paired Student t test for each species after log 2 transformation in order to approximate normal distribution as confirmed with the Kologorov-Smirnof normality test. A P value lower than 0.05 was considered statistically significant.
RESULTS
In vitro activities without serum. The MICs of the QC strains were within the reference ranges (8) . The inhibitory and fungicidal activities of amphotericin B and voriconazole based on the XTT methodology followed a sigmoid pattern, with fungal growth ranging from 100 to 0% as shown in Fig. 1 (Table 3) . Serum effects on inhibitory activities. Table 1 shows the IC 10 of antifungal drugs in the presence and absence of serum, the fold change, and t test P value for each Aspergillus sp. and drug. Overall, the IC 10 of amphotericin B and echinocandins were increased (1.27-to 13.44-fold) whereas voriconazole IC 10 were decreased (0.35-to 0.53-fold) in the presence of serum. The addition of serum resulted in a 2.96-fold (1.11-to 5.06-fold) increase of amphotericin B IC 10 for A. fumigatus (P ϭ 0.044), 3.72-fold (1.91-to 4.92-fold) for A. flavus (P ϭ 0.002), and 2.71-fold (1.38-to 4.51-fold) for A. terreus (P ϭ 0.011), indicating reduction of inhibitory activity. The same overall effect was observed for echinocandins, with median increases of 5.46-to 7.28-fold, 6.14-to 13.44-fold, and 1.27-to 8.77-fold for A. fumigatus, A. flavus, and A. terreus, respectively (P Ͻ 0.05 for most drug-species combinations). In contrast, voriconazole IC 10 Serum effects on E min . The percentages of growth observed at high concentrations of echinocandins are shown in Table 2 , together with the differences in the presence of serum and the t test P value. Overall, the E min s of amphotericin B and voriconazole were not affected by serum (Fig. 1) , whereas the E min s of echinocandins were reduced by 10 to 50%, resulting in complete inhibition of fungal growth for many isolates ( Table 2 ). The largest E min s were observed for A. fumigatus and micafungin (median E min , 56.38%). However, the E min s of all species-echinocandin pairs were reduced in the presence of serum, resulting in complete inhibition of fungal growth of many isolates at concentrations of Ͼ1 mg/liter. In particular, the E min values were decreased from Ͼ25% median percent growth without serum to Ͻ22% median percent growth in the presence of serum for all Aspergillus spp., resulting in statistically significantly (P Ͻ 0.05) decreases of 40.72 to 50.26% for A. fumigatus, 17.06 to 27.75% for A. flavus, and 10.82 to 28.63% for A. terreus. Of note, complete inhibition of growth was observed in the presence of serum for many A. fumigatus isolates. For those isolates for which no growth was observed in the presence of serum, the fungicidal activity of echinocandins was assessed as described above but no fungicidal action was found. Among the three echinocandins, the greatest decreases of E min were found for micafungin (50.26% for A. fumigatus, 29.75% for A. flavus, and 28.63% for A. terreus). No paradoxical effect was observed in the presence of serum.
Serum effects on fungicidal activities. The fungicidal activities in terms of FC 10 in the presence and absence of serum are shown in Table 3 , together with the fold change and the P value. Overall, in the presence of serum, the FC 10 of amphotericin B were increased (1.71-to 4.44-fold), whereas voriconazole FC 10 were decreased (0.22-to 0.90-fold) ( Table 3 ). In order to assess whether differences of FC 10 were related to the differences observed with IC 10 , the FC 10 /IC 10 ratios were also calculated. Statistically significantly increases of amphotericin B FC 10 in the presence of serum were observed for A. fumigatus (2.7-fold; P ϭ 0.024) and A. flavus (4.4-fold; P ϭ 0.017) but not for A. terreus (1.71-fold; P ϭ 0.99). However, the FC 10 /IC 10 ratio did not change significantly (0.68-to 0.9-fold) in the presence of serum, indicating that the increase of FC 10 was due to the increase of the IC 10 . Voriconazole FC 10 was reduced in the presence of serum (0.22-to 0.9-fold change) for all Aspergillus spp., whereas the FC 10 /IC 10 ratio increased for A. fumigatus (1.44-fold) and A. terreus (2.33-fold) and decreased for A. flavus (0.59-fold), indicating that voriconazole fungicidal activity against A. flavus may be enhanced. These changes of voriconazole activity were not statistically significant because of the large interstrain variability. Thus, the fungicidal activities of amphotericin B and voriconazole were not significantly affected by serum, since any difference found was due to the effect of serum on inhibitory activities.
DISCUSSION
In this study, we found that the inhibitory activities of amphotericin B and the echinocandins decreased 4-fold and 13-fold, respectively, whereas those of voriconazole increased 2-fold in the presence of human serum. A second effect of serum on the echinocandins' action was the 10 to 50% enhancement of their in vitro inhibitory activities at concentrations higher than the MEC, where complete growth inhibition and no paradoxical effect were observed in the presence of serum. Regarding the fungicidal activities of antifungal drugs, no effect of serum was observed, since the increase (in case of amphotericin B) or decrease (in case of voriconazole) of fungicidal concentrations (FC) in the presence of serum was associated with the increase of inhibitory concentrations (IC), resulting in no statistically significant change of FC/IC ratios.
Although there are no reports on the effect of human serum on amphotericin B and voriconazole antifungal activity against Aspergillus spp., it was found previously that the MICs of amphotericin B and itraconazole but not of voriconazole increased 1 to 3 twofold in the presence of human albumin against Aspergillus spp. (20) . In agreement with the present study, echinocandins' MICs against Aspergillus spp. increased up to 64-fold in the presence of 50% human serum (16, 17) . It seems that the activities of highly protein-bound antifungal drugs are reduced in the presence of human serum, whereas the activities of low-grade protein-bound drugs are enhanced. This is in agreement with a study in which the MICs of fluconazole, a low-grade protein-bound drug, were decreased Ն4-fold in the presence of serum, whereas the MICs of three highly protein-bound drugs, itraconazole, ketoconazole, and anidulafungin, were increased against Candida spp. (13, 24) .
However, the MICs of flucytosine, a low-grade protein-bound drug, were increased, whereas the MICs of posaconazole, a highly protein-bound drug, were decreased in the presence of serum against Candida spp., suggesting more complex interactions between serum and antifungal drugs (13, 18) .
The decrease of inhibitory activities of amphotericin B and the echinocandins in the presence of serum could be explained by the free-drug hypothesis, considering the relatively high protein binding, with reported rates of 95% for amphotericin B, 96% for caspofungin, 99% for anidulafungin, and 99.8% for micafungin. However, the increase of the IC in the presence of serum cannot be predicted by the degree of protein binding, since the observed IC without serum were higher than the predicted IC of the free fraction of drugs in the presence of serum. This was also previously found for Aspergillus spp. and Candida spp. (17, 24) . Thus, the free-drug hypothesis (the unbound drug is pharmacodynamically active under equilibrium conditions) may not directly apply in vitro for antifungal drugs, and the effect of human serum seems to be unpredictable, indicating that other factors and/or secondary mechanisms may account for the observed in vitro activity. The equilibrium free drug↔protein-bound drug↔fungal targetbound drug in vitro might differ from that in vivo, with the in vitro equilibrium being shifted to the right arm (toward fungal targetbound drug) since drug concentrations remain constant over time. The in vivo equilibrium may be shifted to the left arm (toward free drug) since free drug is constantly eliminated. This equilibrium might also be affected by the type (reversible versus nonreversible) and the strength (weak or strong) of protein binding, like the reversible and weak interaction of micafungin with serum proteins which was used to explain the smaller MIC increase than predicted by the percentage of protein binding (25) . Finally, in vivo the volume of drug distribution is much larger than the volume of infection, whereas in vitro the opposite is true. Thus, the activity of antifungal drugs in the presence of serum may be more potent than predicted by the unbound drug in vitro, but not necessarily in vivo.
Serum has a direct effect on the drugs by altering their ability to interact with their target, since it was found that in vitro inhibition of the cell-free glucan synthase by echinocandins could be predicted by the percentage of protein binding (17) . However, be- (19, 20) . Another effect of serum on Aspergillus growth is the exogenous import of human cholesterol by A. fumigatus, providing a substitute for fungal membrane ergosterol (27) . This effect may contribute to the decreased antifungal activity of amphotericin B in the presence of serum found in the present study, since cholesterol has a lower affinity for amphotericin B (28) . Serum may also affect efflux pumps, since it was found that serum repressed the Candida albicans CDR1 efflux pump (29) . This may explain the increased antifungal activity of voriconazole in the presence of serum found in the present study, since CDR1-like pumps are involved in the efflux of voriconazole (30) . Thus, the net in vitro effect of serum on antifungal activity may be a result of the interaction between factors that affect drug access to the target, e.g., protein binding, drug diffusion, efflux pumps, target affinity, and the dynamics of fungal growth, e.g., germination, hyphal formation, mycelial growth, and growth rate, in the presence of serum and cannot be predicted only by the percentage of protein binding. The amphotericin B IC 10 of A. fumigatus isolates were smaller than the IC 10 of the other two Aspergillus spp., although these differences were smaller than 1 twofold dilution. These differences were more pronounced based on the fungicidal activity, particularly in the presence of serum, as previously observed (8) . Indeed, comparative animal studies have shown that treatment with a 2.5-mg/kg (of body weight) dose of amphotericin B of experimental murine model of disseminated aspergillosis resulted in 77% survival for A. fumigatus infection but only 15% for A. flavus infections (31) . For voriconazole, the pharmacokinetic/pharmacodynamic (PK/PD) parameter total area under the concentrationtime curve (AUC)/MIC associated with 50% of maximal activity was found to be 115 for C. albicans (or 24 for free AUC/MIC) and only 36 (or 11.2 for free AUC/MIC) for A. fumigatus in murine models of disseminated fungal infections (32, 33) . However, taking into account that voriconazole inhibitory activity against A. fumigatus is increased twofold in the presence of serum as found in the present study, the total AUC/MIC associated with 50% maximal activity against Aspergillus approaches the one reported for Candida spp. The similar in vitro activities of caspofungin and anidulafungin in the presence of serum against A. fumigatus are in concordance with animal data demonstrating that caspofungin showed in vivo activity similar to that of anidulafungin, while in vitro IC 10 without serum indicated a potency three times smaller (34) . Similarly, animal data showed that 5 mg/kg of caspofungin or micafungin resulted in similar in vivo outcomes (spleen and kidney fungal burden and survival) when caspofungin concentrations were two times higher than those of micafungin (35) . This difference could be explained by the 2-fold differences of IC 10 in the presence of serum (0.8 versus 0.44 mg/liter) but not by the at least 4-fold differences in protein binding (96% versus 99.8%) and the IC 10 without serum (0.08 versus 0.32 mg/liter).
Fungicidal experiments showed a fungicidal action (FC/IC Ͻ 4) of amphotericin B against A. fumigatus and A. flavus but not against A. terreus and a fungistatic action (FC/IC Ͼ 4) of voriconazole against of all three species, although the FC 10 s were smaller than the corresponding ones of amphotericin B, in agreement with previous studies (8, 36) . Serum increased in case of amphotericin B or decreased in case of voriconazole FC 10 s as a result of IC 10 increase. Fungicidal concentrations could better discriminate amphotericin B-resistant A. terreus from the other two species compared to inhibitory activities with and without serum as also previously found (5) . Among the three species, voriconazole exhibited the most potent activity against A. flavus and the least against A. terreus. Although fungicidal concentrations correlated better than inhibitory concentrations with in vivo outcome of zygomycosis (37) , further studies are needed to explore the usefulness of this parameter in in vitro-in vivo correlation and PK/PD studies, particularly in the neutropenic setting.
In summary, the inhibitory activities of amphotericin B and the echinocandins decreased 4-fold and 13-fold, respectively, whereas those of voriconazole increased 2-fold in the presence of human serum. The free-drug hypothesis may not directly apply in vitro for antifungal drugs, and the effect of human serum seems to be unpredictable, indicating that other factors and/or secondary mechanisms may play role in the observed in vitro activity. PK/PD experiments and in vitro-in vivo correlation studies could explore the applicability of serum-based MICs and fungicidal concentrations of antifungal drugs.
